Current consumer wearable devices such as smartwatches mostly rely on touchscreen-based user interfaces. Even though touch-based user interfaces help smartphone users quickly adapt to wearable devices with touchscreens, there exist several limitations. In this paper, we propose a non-touchscreen tactile wearable interface as an alternative to touchscreens on wearable devices. We designed and implemented a joystick-integrated smartwatch prototype to demonstrate our non-touchscreen tactile wearable interface. We iteratively improved and updated our prototype to improve and polish interaction ideas and prototype integration. To show feasibility of our approach, we compared and contrasted form factors of our prototype against the latest nine commercial smartwatches in terms of their dimensions. We also show response time and accuracy of our wearable interface to discuss our rationale for an alternative and usable wearable UI. With the proposed tactile wearable user interface, we believe our approach may serve as a cohesive single interaction device to enable various cross-device interaction scenarios and applications.
Introduction
Wearable devices are gaining momentum as a promising post-smartphone platform. Wearables have several advantages over smartphones, they are smaller, lighter and most importantly can be worn on a user's body. Yet, wearables fall short in other areas such as usability, user experience (UX), computation power, small screen and input modalities. Due to these limitations, smartphones are still dominating as a general-purpose platform while wearables particularly focus more on specialized areas such as healthcare, mining personal data (i.e., life-logging, quantified-self) [1] , virtual reality (VR) and augmented reality (AR). Wearable devices need better human-computer interface/interaction (HCI) and human-machine interface/interaction (HMI) to surpass the success of its predecessor.
Most commercial wearable devices such as smartwatches, smart glasses and hearables have adopted touch-based user interfaces (UI) to operate them. Specifically, smartwatches have adopted touchscreen-based UI/UX similar to that of smartphones. Since smartphone users are already familiar with using touchscreens, they will easily get used to wearable devices with touchscreens as well. Even though, the familiarity with touchscreens works as an advantage, there also exists several limitations in different contexts of wearable devices. First, it is more difficult to accurately select target items on a small screen of a wearable device. Second, the touchscreen-based UIs require users' full attention that conflicts with the freedom of wearability. Third, touchscreen-based UIs are unusable in certain circumstances such as when a user's hands are wet or dirty. To overcome these limitations and challenges, HCI/HMI researchers are putting their efforts to introduce novel wearable interfaces and experiment with broader set of alternatives for wearable UIs. Currently, non-touchscreen tactile interaction is undervalued for wearable devices. We believe that there are promising opportunities in carefully orchestrated tactile interaction which can provide direct and intuitive ways for using wearable devices.
In this paper, we propose a non-touchscreen tactile wearable interface as an alternative to touchscreens on wearable devices. We designed and implemented a joystick-integrated smartwatch prototype to demonstrate our non-touchscreen tactile wearable interface. We iteratively improved and updated our prototype from separated components to an integrated smartwatch form factor. To show feasibility of our approach, we compared and contrasted form factors of our prototype against several commercial smartwatches in terms of their dimensions. We also show response time and accuracy of our wearable interface to discuss our rationale for an alternative and usable wearable UI.
Related Work
In this section, we review currently available UIs on commercial wearable devices. Then, we summarize recent attempts on developing novel wearable UIs in tactile interaction and other modality-based interactions.
User Interface on Commercial Wearable Devices
There are about four types of commercial wearable devices in the market. First type is wrist-worn wearables [2] such as smartwatches and smartbands. Second type is head-mounted displays (HMD) that is often used for VR entertainment and gaming. Third type is smart glasses such as Google Glass that is used for industrial applications and AR applications. Fourth type is hearables that users put on their ears for mostly audio applications. Figure 1 shows typical wearable UIs on commercial products.
•
Smartwatches: Consumer smartwatches such as Apple Watch, Wear OS and Tizen-based smartwatches use touchscreen UIs. Additionally they provide side buttons such as digital crown and multi-function buttons to control without touching the touchscreen. Also voice-based interaction is provided through Apple's Siri or Google Assistant. Nevertheless, the touchscreen UI is mostly used and preferred form of interaction for commercial smartwatches. • HMD: HMDs such as Oculus Go and HTC Vive provide immersive VR experiences to users. Often they come with a separate controller for acquiring user inputs and sometimes natural hand gestures are recognized with computer vision. • Smart glasses: Google glass and RealWear's head mounted wearable provide see-through displays for industrial AR applications. These devices include side-touchpads and voice-based interaction is also supported.
Hearables: Earables or hearables or wireless headset/earphones have recently gained popularity for audio applications. They often provide a touch-enabled control (i.e., single touch and double touch) in their small form factor.
Tactile Interaction
Tactile interaction contributes to enhance HCI/HMI in addition to visual and audio information/feedback in interactive systems. In using wearable devices, users can manipulate the device through a combination of movement and touch. Since wearable devices have small touchscreens for interaction, non-touchscreen tactile interaction becomes more important. As discussed in [3] , tactile perception, kinesthetic perception and haptic perception should be considered in designing tactile interaction accordingly. Within context of wearable devices, there are two groups of work in tactile interaction. One group of work employs touchscreen and other group of work explores non-touchscreen, yet tactile interaction for wearables. Touchscreen-Driven Interaction. There are many studies that aim to use small touchscreens on wearable devices more efficiently such as Beats [4] and WristTap & TwoTap techniques [5] . Specifically, an area of interest for wearable computing researchers is to improve touchscreen-based soft keyboards for text entry. SplitBoard purposely divided the wide QWERTY layout into left and right sections to deal with small keys on a smartwatch [6] . Leiva et al. developed a callout-based soft keyboard and ZShift to assist text entry on small screens [7] .
Non-Touchscreen Interaction. Other than touchscreens, different parts of wearable devices are turned into touch-sensitive input modules. Funk et al. developed a touch-sensitive wristband prototype with a potentiometer [8] . Similarly, BandSense allowed pressure-sensitive multi-touch interaction on a wristband [9] and N-ary input demonstrated a text entry application using force-sensitive linear potentiometers (FSLP) [10] . EdgeTouch prototype used capacitive sensors embedded on the edges of the prototype to sense user-interaction [11] . Yoon et al. developed lightful user interaction on smart wearables that exploit ambient light sensor as touch sensors [12] and DeLightTouch as an extended multi-touch input method [13] . Gong et al. developed Cito where an actuated smartwatch face was used to make movements such as rotation, hinging, translation, rising and orbiting for interaction events [14] . In Indutivo, a contact-based inductive sensing was implemented to recognize various conductive objects for interaction [15] . Seyed et al. presented Doppio that reconfigured two touch sensitive display faces to create tangible inputs [16] . Pakanen et al. developed squeeze based tactile interaction techniques on a bracelet form factor [17] . Xiao et al. developed a prototype to support pan, twist, tilt, click movements with the watch face employing joystick sensors [18] .
Several studies expanded UI space to the user's skin. SkinButtons integrated a tiny projector into the smartwatch where touch-sensitive icons were projected onto the user's skin [19] . Xiao et al. presented LumiWatch as a fully functional projection smartwatch that enabled touch input on the skin [20] . Lim et al. expanded smartwatch touch interface to the back of the user's hand using infrared (IR) line image sensors [21] . Lee et al. developed a machine learning based side-tap recognition using the built-in 9-axis motion sensors (accelerometer, gyroscope and linear acceleration) [22] .
Other Modality-based Interaction. Recently, different modalities are explored in wearable UIs. Notable research directions include gesture-based UIs that use sensor data and machine learning techniques. Yu et al. developed motion UI using the smartwatch's built-in 6-axis sensors to identify four directional inputs [23] . Kwon et al. developed the convolution neural network (CNN) based gesture pattern recognition using an accelerometer sensor of a smartwatch [24] . Laput el al. also developed CNN-based hand activity classifier for sensing fine-grained hand activities with the smartwatch's three-axis accelerometer data [25] . Yeo et al. developed WRIST with a sensor fusion approach to combine inertial measurement unit (IMU) data from a smartwatch and a smart ring [26] . For a concise summary on different wearable UIs, interested readers are referred to [27] .
Among the three aforementioned groups of work, we focus on designing and implementing non-touchscreen tactile interaction for wearables. Our attempts for implementing alternative tactile wearable UI are described in following Section 3.
Alternative Tactile Wearable User Interface
We believe that wearable devices have great potential for becoming the next main computing platform. However, most wearable UIs are at the stage of recreating trite touchscreen-based interaction that hold back a breakthrough and limit various applications in wearable UIs. Therefore, HCI/HMI researchers should explore and invent novel wearable UIs beyond the touchscreen-based UIs. In this section, we identify problems and issues of using touchscreens on wearable devices and argue for the needs of alternative and optional wearable UIs.
Touchscreens on Wearable Device
The mainstream wearable user interface is arguably touchscreen. Smartphone-like UI/UX is attractive to end-users and therefore easily applied to consumer wearable devices such as smartwatches. Touchscreens on smartwatches have several advantages indeed. Since the device's touchscreen is used for both input and output purposes, it only requires a small footprint to realize the device in a wristwatch form factor. Also it does not introduce additional technical barrier to end-users who have previous experience on smartphones. On the other side, there are some disadvantages and limitations on using touchscreens on wearable devices. The user has to be very attentive to use touchscreen (i.e., look at the screen while interacting). It is difficult to use a small touchscreen when several items or lists are displayed. Because the touchscreen is used for both input and output purposes, only a small amount of information is displayed and much of the touchscreen is blocked with the user's fingers. Also touchscreen does not work well with contaminated fingers (i.e., wet and dirty) leaving smudges afterwards and resulting inaccurate selections.
Rationale and Design Consideration
As briefly discussed in the previous subsection, touchscreen is intuitive yet there exists several limitations. Are there alternative interaction methods that have advantages of tactile interaction while maintaining a small form factor? If we can achieve alternative wearable UIs, then end-users will be given many options to choose from. We have addressed other approaches such as using side buttons (i.e., multi-function buttons and digital crown), potentiometer sensors and rotating bezels as examples of non-touchscreen tactile wearable UIs. We considered 3 requirements for designing and implementing an alternative tactile wearable user interface that can complement or for some cases replace the touchscreen-based UIs. 
Iterative Prototyping of Joystick-based Wearable User Interface
To design and implement an alternative tactile wearable UI, we iteratively improved and updated our prototype over time. For tactile wearable UI, we specifically focused on contact-based UI with a joystick sensor. Previously joysticks are mostly used in gaming context for selecting certain targets using a game controller analog thumbstick [28] . Other uses of joysticks include issuing driving commands for wheelchairs [29] and text entry in VR systems [30] . Usability and UX aspects of the joystick-embedded UI and other wearable UIs are thoroughly examined in [27] . In this paper, we report on consecutive and incremental ideas that resulted in our intermediate and final prototypes.
Thumbstick-based Interaction
As mentioned in our rationale and design consideration, we wanted to design and develop a wearable UI that can be self-contained in a wearable device. For this reason, a small tactile sensor is considered. We explored with two sensors, a trackball sensor and a joystick sensor for thumbstick-based interaction as shown in Figure 2 .
•
Trackball sensor. A trackball sensor module includes a small ball as a pointing device as shown in Figure 2a . When the user rotates this ball, relative movement such as up, down, left and right direction can be measured. This module is small, so it can be attached or integrated to the small form factor of a wearable device. • Joystick sensor. A joystick sensor module includes a small stick that can be manipulated to indicate direction movements as shown in Figure 2b . This module is also small and can be easily attached or integrated to the small form factor of a wearable device.
Both trackball and joystick meet the first requirement (i.e., self-contained in a wearable device form factor). As an application for wearable device, text entry methods using a trackball sensor and a joystick sensor were implemented [31, 32] . From two sensors, we ended up selecting the joystick sensor because it is more tactile, direct and intuitive. When the joystick is manipulated, the user can hear a sound of clicking and make more direct input even without looking at the sensor module. Furthermore, the joystick sensor module is able to produce repetitive and continuous input events better than the trackball sensor module. For example, it is cumbersome to input 10 left input events with the trackball sensor by moving the trackball back and forth repetitively. With the joystick module, after one left input event is fired, the joystick can be stayed at the same position to continuously fire consecutive input events. 
First Prototype: An Initial Proof of Concept for Joystick-Based Interaction
We implemented a proof of concept (PoC) with Arduino and a joystick sensor. In the first prototype, joystick movements or events are delivered to a paired smartwatch via Bluetooth Serial Port Profile (SPP). Regarding latency and input expressivity (4 direction inputs, left, right, up and down and a click event) of the joystick-based interaction, we found it as a promising alternative tactile wearable UI. Various combination of input events were expressive enough for simple menu navigation and for more complex text entry (i.e., Korean text input). Figure 3 shows our first prototype with a separated joystick control. 
Whole Device Interaction
Even though we witnessed the joystick sensor module as a new additional input modality in the first prototype, the device and the sensor module were not physically integrated. Therefore, the total footprint of the first prototype was larger than most commercial smartwatch counterparts. To improve, we considered various ways to integrate the joystick sensor and the device together. Inspired by [18] , we put the joystick sensor right beneath the screen. So when the screen is moved, the joystick beneath the screen also moved to create input events. We refer to this concept as whole device interaction (WDI) where the user touches and moves the smartwatch by exerting forces sideways, upward and downward as shown in Figure 4a . Figure 4b shows WDI after the physical integration. 
Second Prototype: Physical Integration
Our second prototype brought together the separated joystick control and the screen (i.e., not a touchscreen). For the second prototype iteration, we focused on creating an alternative wearable UI targeting smartwatches or wrist-worn wearables. So we build up a functional smartwatch mock-up and explored joystick-based interaction. Unlike our first idea of using a joystick as a thumbstick interface, we found that using multiple fingers to manipulate the whole device was more natural and intuitive. The second prototype physically integrated the screen and the joystick using two boards stocked up on top of one another. To test the second prototype's minimal functionality, we developed several apps for direction input and number/text entry purposes as shown in Figure 5 .
Final Prototype: Enclosed in a Smartwatch Form Factor
To make our prototype fully functional and inter-operable, we chose Android OS and also added Bluetooth/WiFi. We specifically focused on developing a prototype that resembled a smartwatch form factor. Figure 6 shows the final prototype with an enclosed case that can be worn on a user's wrist. Since our prototype runs Android OS version 6.0.1, Android apps can be executed on this device as in other Android-based tablets and smartphones. After the booting screen, only icons for selected apps are displayed in the home screen while more apps can be browsed. To manipulate this home screen, our joystick input is used to navigate among app icons and click to select an app to launch. Furthermore, a digital clock displays current time and dates as in other commercial smartwatches. Advanced settings menus for Wi-Fi, Bluetooth and OS information can be accessed in Settings. We have developed an App for Korean text entry to specifically test four directional inputs and click input provided by our prototype. Figure 7 shows a blueprint for the final prototype. The final product had lug holes so strap or bands can be attached as in commercial smartwatches. Three side buttons and USB connector were added to make testing and developing test apps convenient. All parts were carefully selected and designed so that the size of the final product does not exceed sizes of comparable commercial smartwatches. Table 1 shows detailed specification of the final prototype. 
Experiments
In this section, we show feasibility of our non-touchscreen tactile wearable UI in two criteria. First, we show that our wearable UI can be fully realized while conforming to the standard smartwatch size in commercial products. Second, we show that our wearable UI produces responsive and accurate input events appropriate for basic wearable applications.
Form Factor
Our joystick-embedded, non-touchscreen and wearable device prototype was designed and implemented to resemble commercial smartwatches. The dimension of the final prototype was 49 × 46 × 16.5 mm as shown in Figure 8 . Figure 9 shows a side-by-side size comparison with three commercial smartwatches visually. Most commercial smartwatches have a round watch face and have one or more side buttons or multi-function buttons. Table 2 lists dimensions of additional latest smartwatches and our prototype. Our prototype is indeed relatively thicker than other smartwatches, but otherwise comparable to other commercial products. To show our prototype is relatively competitive in sizes, we present Figures 10 and 11 for visual comparison and contrast. One technical difficulty we encountered was finding a round shape display when we first implemented the prototypes. So we ended up implementing a rectangular shaped smartwatch which was not a typical and recent choice for smartwatch makers, other than Apple. Overall, we have successfully produced our alternative tactile wearable UI in a smartwatch size. 
Interface Response Speed and Interface Control Accuracy
In user interface, it is important to make inputs reasonably fast, responsive and accurate. To show feasibility of our prototype as a viable wearable UI, we measured response time and accuracy of input events. Response time refers to the total time (sensing time + time for event recognition). We repetitively made 100 input events for four directions (i.e., left, right, up and down events) with our prototype and measured how long it took per an input event. To measure response time, we used Android Monitor Profiling Tools to log starting time, end time, number of input events and average time. Table 3 shows the summary of the tested input events. It took 55-61 ms to input and recognize an event by the system. Accuracy of all four events were 100%, meaning that no input event is wrongly interpreted as another event. To elaborate, while entering 100 input events, they were all correctly identified and never falsely identified as some other events. This type of wearable UI has advantages over gesture recognition-based UIs (i.e., classifiers in machine learning [22, 24, 25, 33] ), since input events can be falsely identified as incorrect events to be triggered. To compare response time with traditional UI found on commercial smartwatches, we developed a sample app on a Wear OS smartwatch as shown in Figure 12 . In this app, we measured response times for a touchscreen button and a multi-function button. We repetitively generated 100 click events to calculate average response times for two UI found on commercial smartwatches. Also in [23] , response time for Android Wear gestures was reported between 700 to 1200 ms. We provide Table 4 to compare performance of our non-touchscreen tactile UI against commercial systems. Our UI does not require much computation compare to [23] . For basic applications, our UI is as responsive as touchscreen button and multi-function button. For cases when wearable devices lack touchscreen or side-buttons, alternative wearable UI such as our proposed UI can complement the limited input capability. Table 4 . Response times for different UIs available on commercial smartwatches.
Touchscreen Button Multi-Function Button Wear Gesture API [23]
Response Time (ms) 39 37 about 700 to 1200 Figure 13 shows a Korean text entry application [31, 32] running on the final prototype. Four directional events are created by moving the smartwatch face left, right, up and down. Then these events are mapped as KeyEvent in Android OS such as KEYCODE_DPAD_LEFT, KEYCODE_DPAD_RIGHT, KEYCODE_DPAD_UP and KEYCODE_DAPD_DOWN, respectively, for internal application use. 
Application

Limitations
In this paper, our work focused on the physicality of the wearable prototype and physical sensing aspects. To demonstrate these aspects, we compared physical dimensions and sensing capability (i.e., response time) of basic operations with commercial devices. Nonetheless, we do believe that assessing usability and user experience aspects including task completion assessment are important. For example, in our study on wearable UI evaluation framework [27] , we specifically evaluated usability principles and assessed task workload with a primitive version of our prototype along with other novel wearable UI prototypes. Even though an earlier version of our wearable tactile prototype is used, we have witnessed feasibility of our approach as for both alternative and complementary user interface. Since usability evaluation of our integrated wearable prototype is beyond the scope of this paper, we acknowledge that this topic deserves further studies along with designing, developing and deploying various tasks and applications under specific scenarios.
Conclusions
In this paper, we proposed a non-touchscreen tactile wearable UI by integrating a joystick into the smartwatch form factor. To improve and enhance prototypes, we iteratively updated our prototypes from separated modules to a single integrated smartwatch. We also changed our UI technique from thumbstick interaction (i.e., using one finger) to WDI (i.e., use multiple fingers to move the whole device). We carefully designed and implemented our prototype so that it conforms to the typical smartwatch size.
In our experiments, we showed that our prototype is competitive with commercial smartwatches in its size while input events are generated responsively (55-61 ms) and accurately. We believe our approach can be useful in VR entertainment and games scenarios for using the smartwatch as an effective controller when coupled with an HMD [30, 33, 34] . Especially for a cross-device ecology where multiple devices are seamlessly connected [35] , our approach may serve as a cohesive single interaction device to enable various cross-device interaction scenarios and applications at different scales for near, personal, social and public levels [36] . 
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